Oligonucleotide primers derived from alcelaphine herpesvirus 1 (AHV-1) isolate WC11 DNA, the first identified agent of malignant catarrhal fever (MCF), were used to assay blood lymphocyte DNA using the polymerase chain reaction (PCR). Multiple species of exotic ruminants were examined to determine the suitability of this technique for detecting animals that may be latently infected. To correlate the PCR results with those of serology, serum samples were obtained from each animal concurrently with lymphocyte collection and subjected to an AHV-1 virus-neutralization assay (VNA). A total of 86 MCF-susceptible animals were tested, and the results of the VNA and PCR assays were compared. PCR results were positive for 44 animals. Of these, 13 were positive by VNA. Animals positive by both VNA and PCR were all wildebeest, the asymptomatic carriers of AHV-1, confirming the ability of the primers to amplify AHV-1 sequence. Positive PCR results from species other than wildebeest may represent sequence amplified from viruses related to AHV-1, which may not induce antibodies capable of neutralizing the WC11 isolate used in the VNA. This study demonstrates that PCR is capable of detecting the presence of MCF agents in various populations of captive ruminants prior to the appearance of clinical MCF so that the sources of infection can be more reliably ascertained.
Malignant catarrhal fever (MCF) is a lymphoproliferative and degenerative disease of low morbidity and high mortality that occurs worldwide in cattle and certain wild ruminants. There are two epidemiologically distinct yet clinically similar forms of MCF: wildebeest derived and sheep associated (SA). 4, 5 The etiologic agent responsible for wildebeest-derived MCF was identified as a cell-associated herpesvirus in 1960. 14 This agent is referred to as alcelaphine herpesvirus 1 (AHV-1), because wildebeest, which are asymptomatic carriers, are members of the bovid subfamily Alcelaphinae. AHV-1 was further classified as a gammaherpesvirus because of its ability to infect and induce the proliferation of host T lymphocytes. 17 Sheep are the carriers for the second form of MCF and are often responsible for spreading the disease to susceptible animals such as cattle. 4 The agent of SA-MCF (classified as ovine herpesvirus 2 [OHV-2]) 17 is not only antigenically related to AHV-1 but also appears to contain some regions of homologous DNA sequence. 2 OHV-2 has been difficult to identify, although several candidate isolates exist. 3, 21 Although the greatest attention has been given to the wildebeest-and sheep-derived agents, MCF might be linked to gammaherpesviruses of other species belonging to the family Bovidae. 16 Viruses antigenically and genomically related to AHV-1 have been recovered from hartebeest and topi (alcelaphine herpesvirus 2 [AHV-2]) 13,22,24 and from a roan antelope (hippotragine herpesvirus 1 [HiHV-1]). 15 Because AHV-2 and HiHV-1 have each been shown to induce MCF in rabbits following experimental inoculation, 15 they may also induce MCF in ruminant species other than those from which they were originally isolated. The existence of such a diverse population of viruses that can induce MCF indicates the need for specific and sensitive diagnostic techniques.
Use of the polymerase chain reaction (PCR) 18 for amplification of low-copy-number nucleic acid sequences has proven effective for detection of genomic nucleic acids of infectious agents in clinical samples. 28 A PCR assay has been described 6 for the detection of AHV-1 sequences in AHV-1 -infected cells. In addition, a 2-stage nested PCR reaction has been described, 9 which amplifies both AHV-1 and AHV-2 viral sequences and was used to detect AHV-1 sequences in cattle intravenously injected with AHV-1. More recently, a PCR test for the detection of an OHV-2 DNA sequence in naturally occurring and experimentally in-duced cases of SA-MCF and in normal sheep has been reported. 1 Previously, we reported the successful application of PCR technology to confirm a naturally occurring MCF case in an Indian gaur (Bos gaurus gaurus) 12 This assay was based on primers selected from a clone designated B25 containing the HindIII fragment D of AHV-1 strain WC11, which was chosen because of its lack of cross-hybridization with bovine herpesviruses (BHV-1, -2, and -4). 10 The PCR primers amplified a 201-bp fragment of DNA from AHV-1 isolate WC11, AHV-1 isolate C500, AHV-2 isolate 840412, the Minnesota sheep-associated isolate, and cells infected with AHV-1. The primers did not amplify DNA of uninfected cells or other herpesviruses, including BHV-1, BHV-2, human cytomegalovirus (CMV), and Epstein-Barr virus (EBV). 12 We now describe the use of a PCR assay based on these primers to identify animals of several species that appear to harbor causative agents of MCF.
Materials and methods
Cells and virus. The viral isolate used in this study was AHV-1 isolate WC11. 14 The propagation of fetal mouflon sheep kidney (FMSK) cells and the preparation of viral DNA were performed as previously described. 24 Nucleic acid extraction from lymphocytes. Buffy-coat cells from ethylenediaminetetraacetic acid (EDTA)-anticoagulated blood were pretreated by hypotonic lysis of red blood cells. 11 Lymphocyte DNA was then extracted from buffy-coat cells according to standard procedures for the isolation of high-molecular-weight DNA from mammalian cells. 19 Buffycoat cells were resuspended in 3 ml of extraction buffer (10 mM Tris-HC1 [pH 8.0], 0.1 M EDTA [pH 8.0], 20 µg/ml pancreatic RNAase, a and 0.5% sodium dodecyl sulfate [SDS]) and incubated for 1 hr at 37 C. Proteinase K a was then added (100 &ml), and incubation was continued for 3 hr at 50 C. Phenol/chloroform (1:1) extractions were performed, and DNA was precipitated from the aqueous phase by adding ammonium acetate (2 M final concentration) and 2 volumes of ethanol. Pelleted nucleic acids were resuspended in Tris-EDTA (TE) buffer (10 mM Tris, 1 mM EDTA, pH 8.0) to give a final concentration of 1 µg/µl.
PCR. Prior to conducting the PCR assay using the AHV-1-derived primers, the integrity of each lymphocyte DNA specimen was confirmed by amplification of a portion of the bovine growth hormone (bGH) gene 25 using the following primers: primer 1:5'-AGATCCTCAAGCAGACCTAT-GACAAAT-3'; primer 2:5'-GCACTTCATGACCCT-CAGGTACGTCTC-3'. These primers amplify a sequence of 137 base pairs in the bGH gene, beginning within the codon for amino acid residue 135 and including the entire codon for amino acid residue 180. Primers were selected and synthesized at the Salk Institute Biotechnology/Industrial Associates.
The primers used to amplify AHV-1 sequence were derived from HindIII fragment D of isolate WC11 as previously described. 12 The primer sequences were primer A:5'-ATA-CATGTCATTTAAGACACCCACGCACCA-3' and primer B:5'-CTGGTGCAGGATGACCACAATTTTACTATC-3'.
The reactions were carried out by adding 1 µg lymphocytederived DNA to the PCR amplification mixture containing 10 µl of 10 × PCR buffer (500 mM KCl, 100 mM Tris [pH 8.3], 15 mM MgC1 2 ), 8 µl deoxynucleotide triphosphate (dNTP) mix (10 mM of each dNTP), 1.0 µl of each primer (2.0 µM), 2.5 units of Taq DNA polymerase and sterile distilled H 2 O to give a final volume of 100 µl, according to the manufacturer's recommendations. b Ten nanograms of WC11 DNA was used as the positive control template for reactions with AHV-l-derived primers. The negative controls contained sterile distilled H 2 O in place of a DNA sample. The optimal MgCl 2 concentration was determined by testing concentrations of MgCl 2 between 1.0 and 4.0 mM and comparing results on ethidium bromide-stained agarose gels. Because the PCR technique is inherently susceptible to contamination, leading to false-positive results, 29 all reactions were performed using dedicated supplies and equipment that were UV-irradiated before use.
Reaction mixtures were overlaid with 2 drops of lightweight mineral oil. a Amplification was performed using the following PCR cycling protocol: thermal denaturation for 1 min at 94 C, primer annealing for 1 min at 55 C, and extension for 3 min at 72 C. This protocol was repeated for 35 cycles and linked to a single extension cycle of 10 min at 72 C. We arrived at this protocol by varying the annealing temperature (50 C, 55 C, 65 C, and 72 C) and extension time (1 min and 3 min).
Electrophoresis and Southern blot analysis. Amplified DNA products (20 µl of each PCR reaction) were loaded onto a 3% agarose c gel and electrophoresed at 100 V for 2 hr. The gel-separated bands were visualized by staining with 0.5 µg/ml ethidium bromide and photographed under ultraviolet light. A DNA ladder d was used as a standard molecular weight marker.
Southern blot hybridization was used to confirm the identity of the DNA bands after PCR amplification. Agarose gels were denatured for 30 min in 0.5 M NaOH and 1.5 M NaCl, then neutralized in 0.5 M Tris, 1.5 M NaCl, and 1.0 mM EDTA, pH 7.2, for 30 min. DNA fragments were transferred to a nylon membrane e by capillary action and cross-linked to the membrane using a UV Stratalinker f set at 120,000 µjoules/cm 2 . Hybridization was performed with an oligonucleotide probe (5'-TCGCCTCTTAGGGTGAAGA-CAGCTACT-3') specific for the region of AHV-1 between the PCR primers. The probe was end-labeled with digoxigenin-11-ddUTP according to the manufacturer's instructions. g The nylon membrane was prehybridized for 2 hr at 42 C in 20 ml of hybridization buffer (5 × standard saline citrate [SSC], 0.1% N-lauroylsarcosine, 0.02% SDS, 1% blocking reagent). The probe was then added to the hybridization buffer at a concentration of 1 pmol/ml and allowed to hybridize for 1 hr at 42 C. The membrane was washed twice in 2 × SSC, 0.1% SDS for 5 min at 25 C and twice in 0.5 × SSC, 0.1% SDS for 15 min at 25 C. The membrane was then placed in blocking buffer (0.1 M Tris, 0.15 M NaCl, pH 7.5, to which was added 2% w/v blocking reagent) for 1.5 hr at 25 C; then fresh blocking buffer containing antidigoxigeninalkaline phosphatase conjugate (diluted 1: 5,000) was added and incubation continued for 30 min. After washing twice for 15 min in washing buffer (0.1 M Tris, 0.15 M NaCl, pH 7.5) to remove unbound conjugate, the membrane was equilibrated in buffer containing 0.1 M Tris, 0.1 M NaCl, 0.05 M MgC1 2 , pH 9.5, and briefly blotted on dry filter paper. Detection of bound probe was performed by adding 0.4 ml of Lumi-Phos 530 g (a chemiluminescent alkaline phosphatase substrate) and exposing the blot to X-ray film h for 5-45 min.
Virus-neutralization assay. The serum virus-neutralization assay (VNA) was performed in microtiter plates as previously described except that FMSK cells were used rather than fetal aoudad kidney (FAK) cells. 23 The median virusneutralizing titers were determined by the method of Kärber. 8 A titer of ≥ 4 is considered positive.
DNA sequencing. PCR products were purified by preferential adsorption on glass beads. i Sequencing of the purified PCR products was carried out according to the dideoxy chain termination method, 20 using a commercially available sequencing kit j and PCR primer B.
Results
To insure a methodical screening, a list was compiled of all MCF-susceptible species based on virus isolation, clinical disease, or serologic evidence (Table 1) . Many of these species are currently declared to be endangered by the IUCN 7 or by the US Fish and Wildlife Service. 27 Lymphocyte DNA from 86 animals (representing 30 species) was obtained on an opportunistic basis. The integrity of each DNA specimen was confirmed by PCR amplification using primers that amplify a por- tion of the bGH gene (data not shown). The specimens were then subjected to PCR analysis using AHV-1derived primers. The specificity of these amplified PCR products was confirmed using Southern blot analysis. Figure 1 shows a representative Southern blot of PCR reactions for selected ruminant species, including ones that produced typical positive and negative results. Lanes a and g-k each contain a hybridization signal of the predicted size of 201 bp, similar to that obtained with the positive control (lane 1). No amplification of viral DNA was observed in lanes b-e or in lane n (negative control). In addition to Southern hybridization, selected PCR products were purified and subjected to sequencing (data not shown). Results of both methods confirmed that a band of the proper size and sequence was specifically amplified.
Serum samples were also obtained from these animals concurrently with lymphocytes and were assayed for neutralizing antibody to AHV-1. Titers of ≥ 4 were considered positive. The results from both procedures are presented in Tables 2 and 3 . Of the 86 individuals screened by the two methods, 33 were wildebeest of several species. Although for 27 wildebeest the VNA and PCR results were in agreement (13 +/+ and 14 -/-), in 6 cases the VNA was negative and the PCR was positive. Of the remaining 53 animals, representing other ruminant species in the families Bovidae and Cervidae, none tested positive by both methods; however, 25 individuals tested negative by VNA and positive by PCR, 3 tested positive by VNA and negative by PCR, and 25 tested negative by both VNA and PCR.
Discussion
The high degree of sensitivity afforded by PCR has allowed detection of rare DNA sequences and has been used extensively for viral detection and diagnosis. 28 Previously, a primer pair based on sequence information obtained from a cloned HindIII fragment of AHV-1 was used to confirm clinical MCF in an Indian gaur 12 In the interest of disease control, we used this . method to detect AHV-1 sequences in ruminants susceptible to MCF that were clinically normal but might have been latently infected. Blood lymphocytes were examined for viral nucleic acids because AHV-1 and other gammaherpesviruses have been isolated from this source. 4, 5, 17 To correlate PCR results with those of serology, serum samples (obtained from these animals concurrently with lymphocytes) were subjected to an AHV-1 VNA. A total of 86 animals, representing various ruminant species, were tested. The results ob- tained for the 33 wildebeest indicated that in 27 cases there was agreement between VNA and PCR test results, with 13 positive by both methods and 14 negative. In 6 individuals, VNA was negative and PCR was positive, indicating that PCR can detect the presence of viral DNA in circulating lymphocytes when the animal does not have detectable neutralizing antibody. This result could be due to a latent nonproductive infection by AHV-1 or the development of immunologic tolerance. For 25 of the remaining 53 ruminants, the VNA and PCR test results were both negative. In 3 other cases, VNA-positive and PCRnegative test results were obtained, which could indicate that the virus was not in the blood at the time the sample was taken. Twenty-five other individuals representing numerous species were VNA negative and PCR positive. Although these results could be attributed to a latent nonproductive AHV-1 infection or an insufficiently developed antibody response, the possibility also exists that PCR may have detected agents of MCF other than AHV-1, such as AHV-2, HiHV-1, or OHV-2. This hypothesis is supported by the fact that clone B25, which provided the sequence information for the synthesis of the PCR primers, hybridized to AHV-2 DNA; furthermore, the primers amplified nucleic acid from AHV-2. 9 If PCR can reliably detect several possible agents of MCF, this would represent a significant advantage over having to conduct either neutralization or immunofluorescence assays using multiple virus types.
It was not always possible to test more than 1 individual from each species. However, for 9 species where more than 1 individual was tested, both positive and negative PCR results were obtained (Table 2 ), indicating that the primer pair does not share homology with these animals' genomic DNA. Although the diseases caused by AHV-1, AHV-2, and OHV-2 are clinically indistinguishable, stress or other factors that suppress immune function may be necessary for or involved in increasing the pathogenicity of AHV-2 and OHV-2 in latently infected animals, whereas AHV-1 isolates appear to be capable of inducing MCF usually without the involvement of immunosuppression. 5 Among a herd of Indian gaur at the San Diego Wild Animal Park, a single case of clinical MCF occurred in 1992, which was confirmed by the use of PCR. 12 Eleven members of this herd tested negative by VNA; 2 of the 11 were positive by PCR, but there has been no evidence of clinical signs in any animal 24 months after this incident. The isolated nature of the clinical case, the fact that this animal did not have contact with wildebeest, and the observation that AHV-1 rapidly induces infection in sensitive species such as Indian gaur 26 all suggest that the affected animal may have been latently infected with an agent of MCF other than AHV-1 and succumbed to the disease as a result of immunosuppression.
Our results highlight the need for further exploration of the related viruses affecting ruminants. The possibility exists that specific virus types may be identified through use of multiple primer pairs. The results presented here as well as the potential for refinement of these techniques indicate that PCR is an appropriate assay for identifying animals latently infected with MCF agents.
